Using observations covering the last 128 years we show that apparent changes in ENSO (El Niño-Southern Oscillation) teleconnections can be explained by chance and stem from sampling variability. This result is backed by experiments in which an atmosphere model is driven by 123 years of observed sea surface temperature. The possibility of ENSO teleconnection changes in a warming climate is further investigated using coupled GCMs driven by past and projected future greenhouse gas concentrations. These runs do not exclude physical changes in the teleconnection strength but do not agree on their magnitude and location. If existing at all, changes in the strength of ENSO teleconnection, other than obtained by chance, are small and will only be detectable on centennial time scales.
Introduction
El Niño-Southern Oscillation (ENSO) is the largest climate signal on interannual time scales. During an El Niño event the eastern half of the equatorial Pacific Ocean warms significantly, reaching sea surface temperature (SST) anomalies that can exceed 3 K over large areas. The anomalous warming triggers changes in the atmospheric circulation far away from the forcing region (see section 2.1). These teleconnections have been known for a long time (e.g., Walker 1925 , Berlage 1957 and can be dynamically explained by Rossby wave propagation driven by an anomalous heat source (e.g., Hoskins and Karoly 1981) . A convenient measure of ENSO is the NINO3.4 index (N 34 ), defined as the anomaly of SST averaged over the NINO3.4 region 170 • W-120 • W, 5 • S-5 • N, and the strength of an ENSO teleconnection is defined as the linear regression coefficient of the atmospheric field in question (e.g., sea level pressure) on N 34 (see section 2.1 for more details).
Teleconnections are important for several reasons. First, projected changes in ENSO properties can influence the climate in areas far away from the Pacific. Second, given the potential predictability and long decay time of ENSO SST anomalies, they can be exploited to make climate forecasts on a seasonal or even annual time scale. Third, they can be used to reconstruct past ENSO variability from climate proxy data or, vice versa, to infer circulation anomalies from known ENSO variability. These applications rely on the stationarity of the teleconnections, i.e., the stationarity of the regression time series, implicitly assuming that the teleconnection strength does not change significantly with time.
However, the atmospheric circulation is not solely determined by ENSO, but also by processes that are independent of ENSO and have different time scales. For short periods, the measured regression between ENSO and the atmospheric circulation depends on the realization of these processes, and therefore observed teleconnections do show changes in strength over time. The question then arises whether these observed changes ares significant, reflecting a change in the physics of the climate system, or whether they can be explained by chance, arising from differences in the realization of short-term processes not related to ENSO. Mathematically, the question is whether the regression time series is stationary or not. Fogt and Bromwich (2006) provide an example for a situation in which non-ENSO influences cause a change in the strength of the ENSO teleconnection. They investigate the correlation between ENSO and atmospheric pressure in the south-east Pacific (west of Drake Passage) and find significant differences between the 1980s and the 1990s. They explain their finding by the fact that this region is not only influenced by ENSO, but also by the Southern Annular Mode (SAM), a nearly zonally symmetric contraction and expansion of the polar vortex. Depending on whether the effects of ENSO and SAM reinforce or oppose each other in this region the correlation of pressure with ENSO changes. Fogt and Bromwich (2006) only analyze 20 years of data. This is much too short to decide whether the difference found between the 1980s and the 1990s results from a change in physics or from an accidental change in the relative phases of ENSO and SAM.
A situation in which a change in physics leads to a change in the strength of a teleconnection is presented by Timm et al. (2005) . They suggest that a change in mean SST over the Indian Ocean during the 1970s moved the system closer to the deep convection limit of 28.5 • C. SST anomalies of a given magnitude would then be more likely to trigger deep convection than before, resulting in a closer relationship between SST anomalies and convection-triggered teleconnections.
The characteristics of ENSO and its evolution have changed around 1976 as part of the well-known regime shift that affected the whole Pacific basin (e.g., Wang and An (2001) ), and changes in the ENSO teleconnections around that year have been noted (e.g., Trenberth et al. 2002) , suggesting a physical mechanism (cause-effect relation) for the change. On the other hand Gershunow et al. (2001) analyzed the relationship between ENSO and All Indian Rainfall (AIR). Correlation coefficients between an ENSO index and AIR, calculated over different 21-year periods, where found to vary between -0.47 and -0.78. While it is tempting to try to ascribe such large changes to some physical changes in the climate system, Gershunov et al. (2001) show that two white noise processes can display the same or even a larger variation in correlation. In this paper we extend the analysis of Gershunov et al. (2001) to the relation between ENSO and the global atmospheric circulation, represented by surface pressure (SLP) and 500 hPa height (z 500 ).
The question whether observed changes in teleconnection strength are significant or can be attributed to chance was further investigated in a paper by Van Oldenborgh and Burgers (2005) . Applying a method based on Gershunov et al. (2001) to data from 568 precipitation stations they found that the number of stations showing a statistically significant change of their teleconnections to ENSO was about equal to the number to be expected from pure chance. Furthermore, stations with a statistically significant change were often not neighboured by other stations with a significant change. Their conclusion therefore was that observed changes in the strength of the ENSO-to-precipitation teleconnections mainly occurred by chance and were not driven by changes in the underlying physics.
Precipitation is a noisy variable, with small-scale variations and relatively weak teleconnections. Changes in the strength of teleconnections show up more clearly in smoother variables with less noise. In this paper we therefore apply the method of Van Oldenborgh and Burgers (2005) to modelled and observed data of sea level pressure and 500 hPa height. Modelled data come from an Atmosphere General Circulation Model (AGCM) driven by historic SST data and from coupled climate models driven by observed and projected concentrations of greenhouse gases. The models have been run in ensemble mode, increasing the statistical robustness of the results. The combined use of observed data and those modelled for past and projected future climate conditions allows the following questions to be addressed:
• Do observations suggest significant low-frequency temporal changes in teleconnection strength, i.e., changes brought about by changes in ENSO physics rather than by chance? Or: Are ENSO teleconnections stationary?
• Are these results backed by model results?
• Will teleconnection strengths change under global warming?
The last question has been addressed by Meehl et al. (2006) and by Müller and Roeckner (2006) . The first authors find weaker teleconnections in a future, warmer, climate, while the latter find stronger ones. However, both of them do not use regression to measure the strength of a teleconnection, but the magnitude of the atmospheric response to a strong ENSO event. A strong ENSO event is defined as N 34 exceeding one standard deviation. In the models analyzed by Meehl et al. (2006) ENSO variability decreases, so strong ENSOs become weaker, while the opposite is true for the model used by Müller and Roeckner (2006) . Therefore, the results of both groups could be compatible with a stationary regression: Larger (weaker) ENSO events cause a larger (weaker) atmospheric response. In other words, not the strength of the teleconnections changes, but the driving force (ENSO) does.
ESNO response is known to be nonlinear (e.g., Hoerling et al. 1997) , meaning that the response to a strong ENSO event is relatively larger than that to a weak event. Furthermore, there is evidence for ENSO development to have changed (e.g., Wang and An 2001), implying possible changes in lagged relations. The same technique as used in this paper can be used to investigate whether or not the nonlinear response or the lagged response are stationary. However, the nonlinear response is small and mainly confined to an area around the intersection of data line and equator and to the Great Plains of North America. Furthermore, the applications mentioned above usually only use the linear response to ENSO. We therefore confine ourselves to the linear ENSO response. Restriction to zero lag arises from the short adjustment time of the atmosphere of two weeks or so. Teleconnections show up quickly and, using monthly means, their main characteristics are captured at zero lag.
Method and Data

Method
For convenience we start with an explanation of the method proposed by Van Oldenborgh and Burgers (2005) to investigate the robustness of observed teleconnection changes. It is based on the stationarity test of Gershunov et al. (2001) , who showed that stochastic fluctuations can lead to large variations in correlations between two time series.
Correlation and (linear) regression are used to identify and visualize teleconnections. Their definitions and main properties are given in Appendix A. Correlating the NINO3.4 index with anomalies of, for instance, sea level pressure (SLP or p) gives characteristic patterns of high and low correlations. As Figure 1 shows, ENSO systematically influences the atmospheric circulation even in areas far away from the NINO3.4 region. The strength of a teleconnection is measured by the linear regression of SLP on N 34 . Figure 2 shows the regression of SLP on N 34 for the same datasets that were used in Figure 1 for correlation. The dimension is hPa/K, which implies that SLP decreases by up to 3.75 hPa in the northern North Pacific if the NINO3.4 region warms by 1 K.
As the SLP anomaly at a given place is partly influenced by ENSO we can imagine it to be composed of two parts, one directly related to ENSO and the other one unrelated:
In this equation r = regr(N 34 , p) and c = corr(N 34 , p) are respectively the observed regression and correlation between pressure p and N 34 , and σ p is the observed standard deviation of p.
is that part of p that is unrelated to ENSO, i.e., corr(N 34 , η) = 0. It has zero mean and unit standard deviation. (2005) we use a length of W = 25 years throughout this paper. This is long enough to resolve ENSO and short enough not to be influenced by low-frequency (decadal and longer) variations. For notational convenience we drop the subscript W in what follows. A tilde is used to denote time series restricted to a sub-period, e.g.,p t (t) =p(t) = p(t|t ∈ P (t )), where the subscript t has been dropped for convenience. Using (A3) the regression ofp onÑ 34 then reads
wherer η (t) = regr(Ñ 34 ,η). Apart from the factor σ p √ 1 − c 2 this quantity is the deviation of the regression during P (t) from its long-term mean value r. Obviously,r η (t) → 0 in the limit W → T , butr η (t) can be non-zero if the sub-period is so short that it is not influenced by lowfrequency variations in the background state. Ifr η (t) is distributed around zero the long-term mean regression r is a good approximation ofr(t) ∀ t.
The statement "the strength of the teleconnection does not change significantly with time" means that the variations ofr(t) are small in the sense that they are explainable by chancer η (t) will vary even for a purely stochastic η(t). To test this we use a Monte Carlo approach. We replace η(t) in (1) by a Gaussian process (random number generator from Numerical Recipes (Press et al. 1992) ) with the same statistical properties (zero mean, unit standard deviation) and simulate the probability density function (PDF) ofr(t) by using a large number (1000, say) of stochastic series of η. If the observed values ofr(t) lie within the PDF they are "small" and the strength of the teleconnections does not change. The time seriesr(t) is stationary (more precisely: nonstationarity cannot be rejected) and observed variations inr(t) can be explained as the result of a stochastic process brought about by the combined action of all non-ENSO processes, represented by η. Conversely, if the observed values ofr(t) lie outside the PDF we can conclude that the teleconnections themselves have changed.
The actual test builds upon these general considerations, but differs in two points. First, we do not use regression but correlation, transformed to Fisher's z values: z = 1 2 log((1+c)/(1−c)). This quantity is unbounded, estimates are more normally distributed around the true value, and the variance is to a first approximation independent of c. Second, instead of dealing directly with z we use ∆z = z max − z min , where z min and z max are respectively the minimum and maximum ofz(t) within all sub-periods of length W . Using ∆z rather than z puts a stronger emphasis on the variations ofz(t) (or, equivalently,r(t)).
Determining significance
∆z is determined for each of the stochastic time series of p constructed from (1). This yields an estimate of f (∆z), the PDF of ∆z, which is used to test the null-hypothesis ∆z obs ∈ f (∆z). An observed value of ∆z is significantly different from zero at the x% level if it is outside of the x% interval of the PDF. This measure of significance is used in this paper. Applying it to each individual grid point gives maps of the significance of change. Regions where the significance exceeds 90% are highlighted in all plots in this paper.
The fraction of the Earth's surface that is enclosed by the 90%-significance line, A sig , is used to further assess the significance of the detected changes. Naively, one would expect A sig = 0.1 (10%) from chance alone. However, Livezey and Chen (1983) have shown that care has to be taken when assessing field significance. The problems are multiplicity and dependence. Due to multiplicity the probability of finding A sig > 10% by chance is larger than the naively expected 10% as long as the number of spatial degrees of freedom (s-DoF) is finite. For a gridded field the number of s-DoFs would equal the number of grid points if the grid points were independent. However, neighbouring points of a physical field (e.g., z 500 ) are not independent, strongly reducing the number of effective s-DoFs.
To estimate the number of s-DoFs of the significance field we follow a procedure very similar to the one usually employed in time series analysis (e.g., Efron and Tibshirani 1998) . We first calculate the spatial autocorrelation function of the field as a function of the (binned) great circle distance between pairs, thereby thinning the lat-lon grid near the poles to keep approximately the same grid point density. A decorrelation length, α d , is defined as the distance (in degrees) over which the correlation drops below 1/e (e-folding). Just as one estimates the number of degrees of freedom of a time series as the number of samples divided by the decorrelation length, we estimate the the number of spatial DOFs, N , as the area of the sphere divided by the area of a circle of radius α d : Livezey and Chen (1983) means that A sig must exceed 13% to 16% to be field significant at the 90% level. In order to avoid the complication of determining N for each data field separately we take the lowest value, 13%, as our signifcance limit. This choice means that we might label some changes as significant while in fact they are not. However, our conclusions do not depend on this choice -choosing a higher significant level would only strengthen our point.
Observational Data
The only reliable data describing the global atmospheric circulation that are available for a long period of time are those of Sea Level Pressure (SLP). We use the data set HadSLP1, a reconstruction of SLP performed by the Hadley Centre. It is an update of the earlier Global Mean Sea Level Pressure (GMSLP) data set (Basnett and Parker 1997) and encompasses the period 1871-1998. The NINO3.4 index is derived from HadISST 1 1, a reconstruction of global SST from the Hadley Centre (Rayner et al. 2003) .
HadSLP is a reconstruction based on EOFs derived from recent periods with high data coverage. The reconstruction method biases it towards preserving present-day covariances, suppressing possible changes in the strength of the teleconnections. The results obtained from this dataset therefore have to be taken with care.
For a shorter period of time (Sept. 1957 -Aug. 2002 ) also data from the ERA-40 reanalysis (Uppala et al. 2005 ) are used. A reanalysis is a model run constrained by all available observations. For pressure data the constraint is very large, and the ERA-40 data can be regarded as pseudo observations. They have the advantage of also containing upper air data. In this study the height of the 500 hPa level (z 500 ) is used.
Model Data
Data from three different modelling efforts are used in this study. They encompass a relatively simple Atmospheric General Circulation Model (AGCM) driven by reconstructed SST, a large ensemble obtained using a coarse-resolution climate model, and a small ensemble from a highresolution climate model. Only a short description is given in the following, and the reader is refereed to the original publications for more information. The NINO3.4 index is computed from either the prescribed SST (atmosphere-only runs) or the modelled SST (coupled runs).
Depending on data availability the large-scale atmospheric circulation is represented by SLP or by z 500 .
Speedy
The fast Atmospheric General Circulation Model Speedy (Molteni 2003) has been forced by SST anomalies derived from the Extended Reconstruction of global Sea Surface Temperatures (ERSST) dataset of Smith and Reynolds (2003) . This dataset spans the time from 1854 onwards and is regularly updated. As data quality is poor before 1880 we only use the period 1880 to 2002. Being a reconstruction ERSST suffers from the same bias towards present-day covariances as does HadSLP (see section 2.3). However, SST is only used as the lower boundary condition, and the AGCM is free to react to the varying SST. There is no constraint on the covariances between the forcing SST and the resulting circulation.
The Speedy version used here has seven vertical levels and a horizontal resolution of T30. Speedy employs a simplified physics parameterization. Compared to the original version of Molteni (2003) some changes have been implemented (Hazeleger et al. 2003) , the most important one being a modification of the cloud parameterization. To increase the signal to noise ratio ensembles of runs have been performed. From the three ensembles described by Sterl and Hazeleger (2005) we use the one in which SST anomalies are applied globally. To avoid spin-up effects the first year (1880) is discarded.
CCSM 1.4
In the Dutch Challenge Project (Selten et al. 2004 ) the NCAR Community Climate System Model, version 1.4 (CCSM 1.4) has been used to perform a 62 member ensemble of past and future climate. The atmosphere component of this coupled climate model has a horizontal resolution of T31 and 18 vertical layers. The ocean component has 25 vertical layers. Its zonal resolution is comparable to that of the atmosphere, while its meridional resolution is about twice as high and even higher near the equator. The model is completed by sea-ice and land components. No flux correction is applied. The coupled model is forced by varying the concentration of greenhouse gases (GHG), the solar irradiance, and the concentration of stratospheric (volcanic origin) and anthropogenic (sulfur) aerosols. For the period 1940-2000 these forcings are taken from historical estimates. For the future period 2001-2080 solar irradiance and aerosol concentration are held constant at their year 2000 values, but the GHG concentration is increased following a buisiness-as-usual scneario that is close to SRES scenario A1b. By analyzing not only the whole period, but also the sub-periods 1860-2000 and 2001-2100 we separate the effects of past and future changes. Zelle et al. (2005) have investigated ENSO variability in the Challenge runs. They find a SST variability that is only slightly less than the observed one, but unskewed. The atmospheric response to SST anomalies in the tropics, however, is too weak and independent of the background SST. Consequently, there is no change of ENSO behaviour in a warming climate. Teleconnection changes in the A1b ECHAM/MPI-OM runs have been analyzed by Müller and Roeckner (2006) . They compare the difference patterns between phases of high and low ENSO indices, respectively, of the 500 hPa height in the Northern Hemisphere for the three eras historic, rising, and stabilized as defined above. They find an intensification of both the Pacific-North America pattern and the North Atlantic Oscillation and a stronger correlation of their indices with ENSO for the future periods, especially for the 22 nd century (stabilized).
Data preparation
For all datasets anomalies are formed by subtracting the mean annual cycle. This is done in the usual way by subtracting from each individual month the long-term mean of the corresponding calendar month. Additionally, a linear trend could be removed. However, most datasets do not contain one dominant linear trend. Past periods are characterized by low frequency variations rather than trends, and the simulations using CCSM 1.4 or ECHAM5/MPI-OM exhibit clear trends only during the 21 st century when GHG concentrations increase. For these runs it is more appropriate to subtract the dominant global warming signal, i.e., the regression of the field in question on the global-mean near-surface temperature.
However, our method deals with correlations over short (25 years) sub-periods. As long as the length of the sub-periods is too short for the correlation over this period to be dominated by the low-frequency trend, areas for which significant changes in ENSO teleconnection strength are found are independent of whether or not a low-frequency component (linear trend, global warming signal) has been subtracted from the data. For window-lengths W > ∼ 50 yrs results obtained from data with or without the low-frequency component subtracted begin to differ. The results presented in this paper are for anomalies and a fixed window-length of 25 years.
Throughout the paper we show results for individual calendar months (January, February, etc.), obtained by using only January (say) values for both N 34 and SLP or z 500 , respectively. Doing so we get rid of the annual cycle in teleconnection strength which otherwise would complicate the analysis. Although lag-correlations are important in some teleconnections, we do not consider them in this global analysis. As the atmosphere adjusts to perturbations within two weeks or so, most teleconnections show up quickly and, using monthly means, are captured at zero lag.
Results
Teleconnections in Model and Data
To assess the ability of the different models to reproduce the observed teleconnections between ENSO and the atmospheric circulation, Figures 1 and 3 compare observed and modelled correlations between the NINO3.4 index and SLP and z 500 , respectively. Additionally, Figure 2 displays the regression of SLP on N 34 . For the model ensembles the correlations are calculated from time series obtained by concatenating all ensemble members. Averaging would destroy the ENSO signal as it occurs at different times in different members. Since all members are obtained from the same model with the same forcing they have the same means and variances so that concatenation is no problem. In general the correlation patterns from observations and models show a large degree of similarity. For SLP the familiar east-west gradient over the Pacific Ocean (the Southern Oscillation) emerges. For z 500 correlations are high throughout the tropics, and a wave train emerges from the western tropical Pacific (about 150 • W, 30 • S/N) and propagates into the extra-tropics of both hemispheres (trough over the eastern North Pacific, crest over North America, mirrored in the Southern Hemisphere). There are, however, also obvious differences. For instance, the SLP teleconnections in Speedy seem to be too weak outside the tropics and exhibit less zonal variation than those inferred from observations. The z 500 teleconnections are weaker and more zonal in CCSM 1.4 than in both observations (reanalysis) and Speedy. However, we feel these differences to be small enough to justify the use of the models for the purpose of this study.
Do teleconnections change in observations?
To investigate whether there are statistically significant temporal variations of the ENSO teleconnections in the observations we apply the method described in Section 2.1 to the Hadley and to the ERA-40 data. For SLP from ERA-40 the result is shown in Figure 4 , where the significance of changes in the strength of the ENSO teleconnections is superimposed on the correlations for each calender month separately. Areas of detected significant changes occur mainly where correlations are low and/or have strong gradients. Our method is most efficient in detecting changes in regions of low correlation . In regions of strong correlation gradients changes are easily brought about by slight changes in the position of the correlation pattern. Depending on unknown other factors, a region may sometimes be influenced by ENSO and sometimes not. It is therefore reasonable to find significant changes in the strength of ENSO teleconnections just here. For detected changes to represent a physical signal one expects them to occur in roughly the same areas in subsequent months. However, Figure 4 shows that detected areas of significant changes are scattered around the globe with no apparent month-to-month consistency. Their distribution seems to be governed by chance rather than physics.
The A sig values are displayed on top of each panel of Figure 4 and reappear in Table 1 together with those for z 500 and for SLP from the Hadley data. For most months they are clearly explained by chance, not exceeding 13%. Exceptions in the case of ERA-40 are August (z 500 and SLP), November and December(z 500 ). From a purely statistical point of view changes in the strength of ENSO teleconnections must therefore be considered significant in these two months. On the other hand one expects 3.6 tests out of 36 to yield a significant answer at the 90% level just by chance. Furthermore, in both cases the patterns of detected changes in adjacent months are distinctively dissimilar, strongly questioning the physical significance of the detected changes.
Despite the fact that the Hadley SLP data and ERA-40 are not completely independent as SLP observations have been assimilated into ERA-40, the areas with detected significant changes in both datasets show no signs of correspondence (Figure 1 ). This is also true if we confine the analysis of HadSLP to the period that overlaps with ERA-40. For this period also the problem that the reconstruction tends to preserve present-day covariances (see section 2. is less severe as it contains much more data than earlier periods. Together this provides evidence that detected changes of teleconnection strength are a result of chance rather than reflecting a real change. Van Oldenborgh and Burgers (2005) find that observed temporal variations in the ENSO to precipitation teleconnections cannot be distinguished from noise. We find the same for the pressure (SLP and z 500 ) teleconnections. Pressure and precipitation are related, but pressure fields are smoother than those of precipitation, and changes should show up more easily. Despite this no statistically significant changes are found. Together we have to conclude that the physics behind the ENSO teleconnections has not changed in the past to the extend that the changes are detectable in monthly correlations over the last 100 years or so.
Do teleconnections change in the models?
Speedy
The Speedy ensemble consists of 20 runs forced by the same SST. Information on the robustness of detected changes in teleconnection strength can thus be gained from a comparison of teleconnection patterns and their changes in the different runs. More formally the same information can be obtained by considering the whole ensemble together. This is achieved by concatenating (the sub-periods from) all members.
For the month of January Figure 5 displays the same information as Figure 4 , but for all Speedy members as well as the whole ensemble (all members concatenated). Outside the tropical belt the strength of the teleconnections is generally low and varies a lot between ensemble members. The size and position of regions with statistically significant changes in teleconnection strength also vary much between members. As for ERA-40, areas of significant change tend to occur in regions of low correlations and/or large correlation gradients. Repeating the exercise for the other months gives the same picture of areas with significant variations in the strength of the teleconnections differing a lot between members. Like for the observations there is little consistency between subsequent months. In the case of January ( Figure 5) A sig varies between 6.4% (member ER3) and 20.9% (member E53) and about half of the members have A sig values that exceed 13% and must therefore be regarded as statistically significant. However, the large variations between members and the lack of month-to-month consistency casts doubt on this interpretation.
These doubts are confirmed by jointly analyzing all members. The result (lower right panel of Figure 5 ) shows an area of significant changes in the Pacific on the border between positive and negative correlations, where changes can be easily brought about by slight changes in the position of the transition zone. Thus, a significant change in the strength of the teleconnection cannot be excluded, and a physical explanation is easy: the westward extent of the warm SST during an ENSO event varies a lot, and this is reflected in the position of the atmospheric response. However, despite the forcing being the same in all runs Figure 5 shows that the signal only appears in some of the individual runs, indicating that it is not very robust.
The A sig values for the ensemble are summarized in Table 2 . Most of them can be explained 11   Month   1  2  3  4  5  6  7  8  9  10  11  12  SLP 10.1 13.4 4.6 5.7 5.9 9.0 6.8 3.6 5.5 11.2 14.9 9.4 z 500 7.0 7.8 5.5 2.7 4.7 9.5 4.2 3.9 3.0 6.9 7.9 9.0 1940 1940 2001 1940 1940 2001 1940 1940 2001 -2080 -2000 -2080 -2080 -2000 -2080 -2080 -2000 -2080 Table 3 : A sig for z 500 in the CCSM 1.4-ensemble. Statistically significant values (> 13%) are in boldface.
by chance, not exceeding 13%. Like for individual members there is no month-to-month consistency of the changes, and areas of significant changes tend to occur in areas of low correlations. The latter is especially true for November (not shown) for which Table 2 gives the largest A sig value of nearly 15%. That area lies predominantly over Antarctica, where correlation and regression are virtually zero. From the low month-to-month consistency, the large scatter between members, and the low A sig values for the ensemble taken together we conclude that the Speedy ensemble shows no evidence of a robust, deterministic signal of ENSO teleconnection changes. Repeating the analysis for the 500 hPa height yields the same picture. Areas of significant changes in teleconnection strength differ widely between ensemble members and months, and A sig values are even lower than for SLP (see Table 2 ).
CCSM 1.4
The CCSM 1.4 ensemble consists of 62 coupled integrations driven by past and projected greenhouse gas concentrations. Qualitatively, the results from this ensemble are very similar to those from Speedy. Regions of significant teleconnection changes differ widely between individual runs, ranging from 0 to more than 30% of the Earth's area, and there is no consistency of changes between subsequent months. In runs with a small value of A sig this area is made up of single spots that seem to be randomly distributed, mainly in regions of low correlation. Runs with a large value of A sig exhibit large contiguous regions of significant change over the polar regions (where correlations are low) and/or in a narrow strip along the equator. This strip may be explained by the high correlation of 500 hPa height along the equator. Some examples are shown in Figure 6 . Figure 1 The large differences between individual members result in equivocal results when performing the analysis on (part of) the whole ensemble. Area fractions of significant changes differ a lot depending on using the whole ensemble, only the first 31 runs, or only the second 31 runs. The corresponding A sig values are displayed in Table 3 . The number of values exceeding the significance threshold of 13% is too large to be explained by chance (one tenth of the entries), suggesting significant changes to be present. However, the large scatter between (sub-)ensembles as well as the large month-to-month variations indicate that this result is not very robust.
The results for the future period show the smallest variation of A sig values between months. With two exceptions they are all well below the 13%-threshold. However, the areas themselves are still erratically distributed over the Globe, and there is no month-tomonth consistency (not shown). The low A sig values might contain a clue as to the underlying mechanism: For the future period 2001-2080 only the concentration of GHGs changes, while the historical period also experiences changes in aerosols. These changes might induce changes in physics and therefore teleconnections that are missing in the later period. However, more research is needed to confirm this hypothesis, and, if it exists, its impact is small.
The results presented here are in line with those of Zelle et al. (2005) , who find that in CCSM 1.4 the atmospheric response to SST variations in the equatorial Pacific is independent of the background SST and thus does not change in a warming climate. Therefore it is not surprising that the strength of ENSO teleconnections does not change.
ECHAM5/MPI-OM
Like the CCSM 1.4 ensemble discussed above the three-member ECHAM5/MPI-OM ensemble is forced by past and future GHG concentrations. Results of applying our method to this ensemble are depicted in Figure 7 and summarized in Table 4 .
The A sig values of SLP over the whole period 1860-2200 clearly exceed the significance level, and a look at the left column in Figure 7 shows large areas of change that are consistent between months. For example, the region between the positive and negative correlations in the Pacific shows up in most months, especially for boreal winter. This is in line with the finding of Philip and Van Oldenborgh (2006) of more El Niño-like conditions in the future in this model. Two other areas that show up consistently are the Indian Ocean during boreal winter and the Atlantic Ocean during boreal summer. For the historical period most of the A sig values are far below the significance level of 13%. This is an independent confirmation of the results obtained from HadSLP and Speedy and does not suffer from the problem of reconstructions being biased as described in section 2.3. If there are no significant changes in the strength of the ENSO teleconnections during the historical period when GHG concentrations were relatively stable (as compared to the rise in the 21 st century) it is tempting to assume that teleconnection strength would also be quite constant during the 22 nd century and that the detected changes should occur predominantly during the rising period. Indeed, the A sig values are largest during this period, but the areas do not necessarily coincide between the whole and the rising period (first two columns of Figure 7 ). For instance, there are hardly any significant changes in February and December during the 21 st century, while the changes over the whole period are certainly significant with values of A sig exceeding the sum of the three sub-periods. Obviously, some changes occur so slowly that they can only be detected over long periods of time. This conclusion is backed by the results from the A2-scenario. GHG concentrations rise faster in this scenario with higher A sig values during the rising period, yet the A sig values for the whole period are lower, presumably because A2 has a shorter "whole period" (1860-2100 instead of 1869-2200).
The A sig values for the 500 hPa height are (much) lower than those for SLP, exceeding the significance level only for some months and only for the whole period. However, areas with significant changes tend to coincide in the SLP and z 500 plots (left and right columns in Figure 7) , at least outside the tropical belt (roughly between 20 • N and 20 • S). In the extra-tropics SLP and z 500 are closely coupled, and if one of them is affected by a changing coupling to ENSO the other Figure 8 : 90% significance of detected change in ENSO teleconnection strength for the three ECHAM5/MPI-OM members for SLP (left) and z 500 (right) for January. Different colors mark the different members. must be affected, too. This coincidence is not visible for shorter periods (not shown), indicating that the detection of changes in the strength of the teleconnections is governed by chance rather than by physics. This again adds to the evidence that changes can only be detected reliably over long periods of time.
In their evaluation of changes in the strength of teleconnections Müller and Roeckner (2006) look at correlations between N 34 and z 500 calculated separately over the three periods historic, rising, and stabilized. They find large differences between correlations during the first and the last period in a zonal band stretching along 40 • N from the North Pacific via North America into the North Atlantic. In the same areas our method indicates significant changes over the whole period (Jan and Feb panels of the right column of Fig. 7) .
Taken together the results from the ECHAM5/MPI-OM ensemble indicate that the strength of ENSO teleconnections might change in a future (warming) climate. Areas with likely changes include the central equatorial Pacific Ocean, the Indian Ocean, and parts of the North Atlantic Ocean. However, the areas in which significant changes occur differ between different ensemble members (see Fig. 8 ). Together with the fact that changes are only detectable reliably over long periods of time (more than a century) this leads to the conclusion that the signal is weak compared to natural variability.
In the ECHAM5/MPI-OM ensemble the A sig values are larger for the period of rising GHG concentrations than they are for the historical period, while the opposite is true in the CCSM 1.4 ensemble. A possible reason for this discrepancy is the fact that the increase of the average NINO3.4 SST in the latter is much lower than in the former. For CCSM 1.4 the increase is about 1.2 K until 2080, while for ECHAM5/MPI-OM it is more than 4 K until 2100. This is another indication that the signal is weak compared to natural variability. It only shows up when the forcing is large.
Summary and Conclusion
ENSO systematically influences the atmospheric circulation in large parts of the globe. These teleconnections are often used to calibrate climate proxy data or to estimate the impact of ENSO events. It is therefore important to know whether they are stationary, meaning that observed variations in teleconnection strength can be ascribed to stochastic fluctuations. The strength of a teleconnection is measured by the linear regression coefficient between the relevant atmospheric quantity and the NINO3.4 index, and a stationary regression time series indicates constant teleconnections strength. The stationarity of the teleconnection strength is assessed by comparing the range of correlation coefficients obtained from data with that to be expected from chance. The former range is obtained by calculating correlation coefficients from the data within sliding 25-year windows, while the latter is obtained using Monte Carlo simulations. Data are obtained from observations, the ERA-40 reanalysis, simulations with a simple atmosphere model (Speedy) driven by observed SST, and two coupled ocean/atmosphere models (CCSM 1.4 and ECHAM5/MPI-OM). For the models ensembles of runs are performed to reduce sampling uncertainty.
Regions in which significant changes in teleconnection strength are detected tend to occur in regions of low correlations. For the observations (Hadley, ERA-40) they are scattered around the globe with no month-to-month consistency, and their area fraction can be explained by chance. Therefore, the observational data contain no evidence that the physics of the ENSO teleconnections changed over time. This conclusion is backed by the results from the model integrations. Areas in which significant changes are detected during the historical period are also scattered around the globe and lack consistency in time. Furthermore, they differ greatly between individual members of the ensembles as well as between ensembles. Using reconstructed SLP data reaching back to the early 18 th century, Brönnimann et al. (2007) find a stationary relationship between ENSO and late winter climate in Europe. Their result backs our conclusion that there are no changes in the strength of ENSO teleconnections in the historical period.
The results from the Speedy ensemble are similar to those from the observations. The regions in which significant changes are found are scattered around the globe without consistency from month to month or between members, and their size can be explained by chance. The same lack of consistency is found in the CCSM 1.4 ensemble, where the area in which our method detects significant changes ranges between 0% and 30% of the Earth's surface between members. Detected changes are slightly stronger during the historical period than they are over the future period .
Opposite to the results from CCSM 1.4, the coupled ECHAM5/MPI-OM model exhibits more changes over the future period (2001-2100) than over the past . In this model regions with detected changes in the ENSO-to-SLP teleconnection appear to be more organized (less scattered), and there is some form of consistency between subsequent months. However, these consistent patterns only show up when the whole period (1860-2200) is considered. Furthermore, areas in which changes occur differ between ensemble members. Together, this indicates that the signal is small compared to natural variability, even with a 4 K warming signal.
Concluding, the linear ENSO teleconnections itself are stable and robust. We have found no evidence that changes in the strength of the teleconnections between ENSO and the atmospheric circulation went beyond chance during the recent past. Established linear regressions between ENSO strength and circulation therefore seem appropriate for use in climate reconstructions of the past centuries. Whether this is also true for the future depends on the magnitude of the global warming signal. A discernible change in the strength of the ENSO teleconnections is likely to occur only for large changes in the NINO3.4 temperature. Likely areas for changes to occur are the central equatorial Pacific, the Indian Ocean, and parts of the North Atlantic.
A Correlation and regression
Let a(t) and b(t), t ∈ [0, T ], be two time series with zero mean (we are only interested in anomalies). Then m ab = T −1 T 0 a(t) b(t) dt is the covariance between the two series and m aa = σ 2 a the variance of a, where σ a is called the standard deviation of a. The correlation between a and b is then given by corr(a, b) = m ab σ a σ b = corr(b, a), 
